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Hoerner’s relationship was derived by compiling data from rather small cones, cylinders, fuselage
bodies, and projectile shapes. Figure 1 shows Hoerner’s two- and three-dimensional base drag relations.
When the total aerodynamic drag coefficient, Cp

(2)

otal” is plotted against CDfore (fig. 2), aminimum total
drag point where the relationship between forebody and base drag can be optimized clearly can be seento
exist. A vehicle whose CDfore islessthan this optimal point can have itstotal drag reduced by increasing
its forebody drag.

When compared with data from large-scale vehicles, however, Hoerner's base drag relationship
appears to underestimate base drag (refs. 2-5), indicating that equation (2) does not provide the most
accurate representation of base drag for such vehicles. Reference 3 proposes that this constant could be
on the order of 0.09-0.1. Reference 4 states that for many large lifting-body-type vehicles, the local flow
at the base region is two-dimensiona in nature, indicating that Hoerner’s two-dimensional equation
should be used.

To better understand the relationship between forebody drag and base drag, a ground research vehicle
(GRV) has been constructed. The following sections describe the vehicle, its instrumentation, and the test
approach.
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Figure 1. Hoerner’ s base drag relationship (ref. 1).
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ABSTRACT

A ground research vehicle (GRV) has been developed to study the base drag on large-scale vehicles
at subsonic speeds. Existing models suggest that base drag is dependant upon vehicle forebody drag, and
for certain configurations, the total drag of a vehicle can be reduced by increasing its forebody drag.
Although these models work well for small projectile shapes, studies have shown that they do not provide
accurate predictions when applied to large-scale vehicles. Experiments are underway at th; NASA
Dryden Flight Research Center to collect data at Reynolds numbers to a maximum of 3 x 10 , and to
formulate a new model for predicting the base drag of trucks, buses, motor homes, reentry vehicles, and
other large-scale vehicles. Preliminary tests have shown errors as great as 70 percent compared to
Hoerner’s two-dimensional base drag prediction. This report describes the GRV and its capabilities,
details the studies currently underway at NASA Dryden, and presents preliminary results of both the
effort to formulate a new base drag model and the investigation into a method of reducing total drag by
manipulating forebody drag.

NOMENCLATURE
a, axial acceleration (positive in the direction the vehicle is moving)
A, of reference area (vehicle base area)
Cph aerodynamic drag coefficient
C D,,.. base drag coefficient
C Diore forebody drag coefficient (C D, C D,,.. )
Cp drag coefficient caused by pressure forces forward of the base area
p
C D,y total aerodynamic drag coefficient, C D,,.. +C Do
Cp drag coefficient caused by viscous losses (includes skin friction and forebody separation
vortices)
C » pressure coefficient, ———
Fooch mechanical drag
GPS global positioning system
GRV ground research vehicle
m vehicle mass
p pressure
Do, free-stream static pressure
R radius
Vv true airspeed
Vind indicated airspeed, ft/sec
w GRV weight



X,y cartesian coordinates
runway slope

p air density

INTRODUCTION

Experiments are currently underway at NASA Dryden Flight Research Center (Edwards, California)
to investigate a method of reducing vehicle base drag, and thus total aerodynamic drag, by increasing
forebody drag. Several types of vehicles are designed with truncated base areas. Trucks, buses, and motor
homes are designed such because of their need for large internal volumes. Because of the necessity of the
rocket engine at the base, most proposed reusable launch vehicles also have truncated base areas. For all
these vehicle types, base drag comprises a major part of the vehicle total drag. The large drag forces that
arise decrease the fuel efficiency of ground vehicles or result in steep glide slopes that limit the
crossrange and downrange of reentry vehicles. Any reduction in drag is desired because it could greatly
increase the overall performance of the vehicle. Drag reductions can reduce the fuel consumption of
trucks, buses, and motor homes and lower the required glide slopes for reentry vehicles, making the
energy management task considerably easier. Because base drag is such a large element of vehicle total
drag, some of the greatest savings could be made in that area.

Hoerner developed an equation (ref. 1) to predict base drag based on the forebody drag coefficient,

Cp , for an object. Such a relationship shows that vehicle base drag can be varied by manipulating

ore

forebody drag. Hoerner’s equation also suggests that for certain vehicle configurations, the total vehicle

drag can be reduced by increasing its forebody drag. This report discusses the ongoing research into
. . 7 c e

Hoerner’s equation at Reynolds numbers to a maximum of 3 X 10 . Results from initial tests and future

plans also are discussed.

BACKGROUND

Base drag originates at the aft end of an object with a blunt base, or at the trailing edge where the flow
separates from the object and a region of low pressure is created. The fast-moving air going past the base
acts as a jet pump, pulling air away from the base region, resulting in pressure over the base surface of the
object to be reduced (ref. 1).

The boundary layer originating along the surface of a vehicle, or along any object with a blunt trailing
edge, has been demonstrated to act as an insulator from the jet pump effect (ref. 1). This insulating effect
reduces the effective dynamic pressure of the outer flow, thereby weakening the jet pump effect and
resulting in reduced base drag. The thicker the boundary layer, the greater the insulating effect. Because
the boundary-layer thickness is dependant on the flow upstream of the base, Hoerner quantifies this effect
on two- and three-dimensional objects by relating base drag to forebody drag (ref. 1):

Two-dimensional equation: Cp = 0135 (D)

base
3/C
Dfore
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Three-dimensional equation: C - _0.029
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Hoerner’s relationship was derived by compiling data from rather small cones, cylinders, fuselage

(2)

bodies, and projectile shapes. Figure 1 shows Hoerner’s two- and three-dimensional base drag relations.

When the total aerodynamic drag coefficient, Cy  , isplotted against CDf (fig. 2), aminimum total
ore

total

drag point where the relationship between forebody and base drag can be optimized clearly can be seento

exist. A vehicle whose CDf islessthan this optimal point can have itstotal drag reduced by increasing
ore

its forebody drag.

When compared with data from large-scale vehicles, however, Hoerner's base drag relationship
appears to underestimate base drag (refs. 2-5), indicating that equation (2) does not provide the most
accurate representation of base drag for such vehicles. Reference 3 proposes that this constant could be
on the order of 0.09-0.1. Reference 4 states that for many large lifting-body-type vehicles, the local flow
at the base region is two-dimensiona in nature, indicating that Hoerner’s two-dimensional equation
should be used.

To better understand the relationship between forebody drag and base drag, a ground research vehicle
(GRV) has been constructed. The following sections describe the vehicle, its instrumentation, and the test
approach.
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Figure 1. Hoerner’ s base drag relationship (ref. 1).
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Figure 2. Base and total drag compared with forebody drag
(theory).

VEHICLE DESCRIPTION

The GRV has been designed as a facility to study the relationship between forebody and base drag.
The vehicle has been built to a scale that can approximately duplicate the Reynolds numbers experienced
by reentry vehicle along their glidepath and by trucks, buses, and motor homes. The GRV is 40-ft long,
9-ft tall, 83-in. wide, and weighs 10,440 1b. The aft end of the underbody has been tapered upwards,
giving the GRV a square base area of 83 x 83 in> (47.84 ft?). The base—to—wetted area ratio is
approximately 3.8 percent.

The GRYV has square leading-edge corners and longitudinal edges along the top, giving the vehicle a
box-like geometry. The GRV is capable of speeds exceeding 80 mi/h, providing Reynolds numbers in
excess of 3 X 107. Tire pressure is kept nearly constant by inflating the tires with nitrogen to reduce
temperature effects. The vehicle also has been modified with a driveline disengage to separate the rear
axle from the rest of the drive train for coast-down testing to reduce the mechanical drag caused by
turning the engine and transmission.

Two GRV configurations have been tested. Configuration 1 (fig. 3) has an exposed underbody.
Airflow under the vehicle circulates among the axles, transmission, mufflers, and exhaust pipes to create
additional drag like that on trucks, buses, and motor homes. Configuration 2 has the same outer mold line
with the exception of an enclosed underbody, which allows for smoother airflow beneath the vehicle and
eliminates any additional pressure drag from the underbody.

4
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Figure 3. GRV configuration 1.

Instrumentation

To measure the pressures acting on all of the vehicle surfaces, 125 pressure ports have been installed
on the GRV. Two boundary-layer rakes have been mounted on the top aft end of the vehicle to collect
boundary-layer information. The smaller of the two rakes (fig. 4) has a dense grouping of pressure probes
near the GRV surface to provide an excellent profile of the lower boundary layer (ref. 6). The larger of
the two rakes (fig. 5) extends 12 in. from the surface to capture the outer portion of the boundary layer.
The GRV has been outfitted with a noseboom to provide free-stream static and total pressure.

Four pressure modules have been installed inside the vehicle, each with 16 individual differential
pressure transducers, allowing 64 differential pressures to be simultaneously measured. The pressure
transducers are capable of providing differential pressure measurements accurate to within
+0.004 1bf/in®. An absolute pressure transducer has also been installed to measure the differential
reference pressure to within £0.015 1bf/in?.

All pressures are recorded onto a laptop computer. A differential global positioning system (GPS)
receiver internally records data during testing. The data are later downloaded to obtain groundspeed
(accurate to within 0.5 ft/sec), altitude (accurate to within 6 in.), and time. A handheld GPS unit serves as
the speedometer and is used as a time stamp to synchronize the differential GPS data with the pressure
data.
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Figure 4. The small boundary-layer rake.

Figure 5. The 12-in. boundary-layer rake
mounted on the GRV.



TEST APPROACH

The vehicle C D

caused by viscous losses, C,

z is composed of several drag coefficients, including base drag, C D,,.’ and those
tota ase

~, and pressure forces forward of the base area, C D - The C D includes
visc 4 P
the pressure forces acting on the front face of the GRV as well as pressure drag originating from wheel

wells and the exposed underbody. The Cp, ~includes skin friction as well as drag caused by forebody

isc

separation. The C is defined as drag‘resulting from the low-pressure region at the base of the

. Dbase
vehicle.

Two types of tests were devised to obtain the drag components for the GRV. A coast-down method

was used to obtain the C,,  , and constant speed tests were conducted to break the C, into its

total total
constituent parts. A portable weather tower measured ambient temperature and windspeed. Testing was

not conducted in winds greater than 5 kn.

Indicated airspeed was obtained from noseboom total and static pressure measurements. Noseboom
static pressure measurements were corrected for position errors using a calibration curve that was
generated using the GPS altitude and ambient pressure data. The position error calibration (fig. 6)
corrects the measured static pressure as a function of indicated airspeed. True airspeed then was
calculated using calibrated static pressure, total pressure, and ambient temperature. All tests were
conducted on the north base runway, which is approximately 1-mi long, at Edwards Air Force Base
(California).
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Figure 6. GRV noseboom position error calibration.



Coast-Down Tests

In one dimension, the equation of motion for the GRV during a coast-down test is as follows:

1 .2 )
ma._ = —EpV CDmm[Aref—Fmech—Wsme 3)

X

where m 1s vehicle mass, a, is axial acceleration, Aref is the vehicle base area used as the reference area
for these tests, W is the GRV weight, p is air density, V is the true airspeed, and 6 is the runway slope.
The runway slope was reconstructed using altitude data from the differential GPS unit so 6 could be
computed at each point along the runway. Mechanical drag, F,,., encompasses all of the
nonaerodynamic losses of the vehicle, including rolling friction, wheel inertia, and mechanical losses.
Mechanical losses were significantly reduced by disengaging the drive train before the coasting portion
of the test, allowing the wheels to rotate freely without any drag caused by turning the engine or

transmission.

Using equation (3), the C D, of the GRV can be estimated by measuring its deceleration while it
coasts. Coast-down tests were performed by accelerating the GRV to a target speed, such as 65 mi/h;
disengaging the drive train; and allowing the vehicle to coast to a stop. This technique is commonly used
to obtain the aerodynamic drag of vehicles (refs. 7-9). Tests were conducted in both directions along the

runway. Ten or more coast-down tests were performed for each configuration.

Constant Speed Tests

Constant speed tests were conducted at speeds ranging from 20 to 70 mi/h to obtain data to divide the

Cph into Cp, , Cp,
total P visc base .
23 surface pressures were measured on the front surface of the GRV. Thirty-two pressures were

,and Cp, . To provide the pressure profile acting on the face of the vehicle,

measured on the base. Figure 7 shows pressure port locations. Using pressures recorded at these
locations, least-squares regressions were performed to create polynomial surface fits to the data. Figure 8
shows a typical pressure fit over the front surface. The polynomial surfaces then were integrated over the

front and base areas to obtain C,, and C .
Dp Dbase

The box-like shape of the two configurations causes a massive flow separation on the front of the
GRV. Evidence of this flow separation can be seen in the flow visualization test (fig. 9) and in pressure
data collected along the top surface (fig. 10). Because of this flow separation, full boundary-layer

analyses were not performed. The Cp, ~ for these configurations was calculated by subtracting the C,
. visc P
and the Cp, from the estimated C, from the coast-down tests:

base total

C, =Cp —(ch+CD ) “4)

total base
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Figure 8. Surface fit to front pressures.
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RESULTS AND DISCUSSION

Figure 11 shows the results from these two configurations plotted with Hoerner’s two-dimensional
base drag curves. Table 1 shows averaged results. Figure 11 shows that the GRV total drag data agree
well with the predicted value given by Hoerner’s two-dimensional equation. Total drag values show a
maximum 4-percent error when compared with the predicted value. Base drag values, however, show
errors of as much as 70 percent when compared with Hoerner’s two-dimensional base drag model. When
the numerator in equation (2) is changed to 0.1 as suggested in reference 3, errors of 120 percent are
reached. When compared with Hoerner’s three-dimensional model, the errors are greater than
600 percent.

Table 1. Averaged drag results for the GRV.

CDtotal CDp CDvisc CDfore CDbase
Configuration 1 1.26 0.75 0.32 1.08 0.18
Configuration 2 1.16 0.75 0.25 1.00 0.16

The chaotic forebody flow of the current configurations is believed to cause the large errors
encountered in predicting the C D,,.." A future GRV configuration will have rounded leading-edge
corners to keep the flow attached over the length of the vehicle. Tests using the future configuration will
provide additional data to determine if Hoerner’s two-dimensional base drag equation provides the most
accurate model for predicting base drag on large-scale vehicles, or if a new model is needed.
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Figure 11. GRV drag study results.
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CONCLUDING REMARKS

Preliminary tests conducted at NASA Dryden Flight Research Center on two configurations of a
ground research vehicle (GRV) provide support for the hypothesis that a new base drag prediction model
is needed for large-scale vehicles. Plans currently are underway to begin testing on a third GRV
configuration that will include rounded leading-edge corners. This new configuration will allow the
boundary layer to remain attached over the entire length of the vehicle and is expected to provide data
near the minimum total aerodynamic drag point. Subsequent GRV configurations will increase the
surface roughness by adding various-sized boundary-layer trip strips to control the boundary-layer
thickness. These future configurations will provide additional data and further studies of effects of
forebody drag on base drag. Such test results will either confirm or refute the need for a modified version
of Hoerner’s base drag equations that applies to large-scale vehicles. Upcoming tests will also provide
insight into the feasibility of reducing drag by manipulating the boundary layer.
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